Endogenous purines including inosine have been shown to exert immunomodulatory and anti-inflammatory effects in a variety of disease models. The dosage of inosine required for protection is very high because of the rapid metabolism of inosine in vivo. The aim of this study was to determine whether a metabolic-resistant purine analogue, INO-2002, exerts antiinflammatory effects in two animal models of type I diabetes.
Introduction
Type I diabetes is a disease characterized by the specific destruction of insulin-producing b-cells in the pancreatic islets of Langerhans by the immune system (Bach 1994) . Immune cells, particularly macrophages and T-cells, invade the islet and these cells are cytotoxic to islet b-cells in part by producing cytokines and free radicals (Rabinovitch & Suarez-Pinzon 1998) . It has been proposed that the insulitis lesion is b-cell destructive when Th1 cytokines (IL-12, interferon (IFN)-g, IL-1 and tumour necrosis factor (TNF)-a) produced by isletinfiltrating macrophages and T-cells dominate over Th2 cytokines (IL-4 and IL-10; Rabinovitch 1998) .
Purine nucleosides, such as inosine, are low molecular weight molecules that are involved in a wide variety of intracellular biochemical processes (Hasko et al. 2004) . Additionally, nucleosides function as extracellular signalling molecules and, although inosine is only present at low levels in the extracellular space, metabolically stressful conditions such as nflammation dramatically increase the concentration (Hasko et al. 2004) . Inosine has proved to be a powerful immunomodulatory agent both in vitro (Hasko et al. 2000 and in vivo (Hasko et al. 2000 , Garcia Soriano et al. 2001 , Mabley et al. 2003a ,b, Darlington & Gann 2005 , Schneider & Klein 2005 , Szabo et al. 2006 . Inosine treatment reduces the production of inflammatory cytokines by murine and human macrophages stimulated by lipopolysaccharide (LPS) in addition to the provided protective effects on both intestinal and vascular function in murine models of endotoxic shock (Hasko et al. 2000 , Garcia Soriano et al. 2001 . Inosine also attenuates the course of chronic autoimmune inflammatory diseases including type I diabetes (Mabley et al. 2003b ) and colitis (Mabley et al. 2003a) ; the protective effects mediated by inosine reduce production of pro-inflammatory cytokines and chemokines.
However, the high dosage of inosine required for protection would prove problematic to administer therapeutically.
The likely hypothesis explaining the high doses of inosine required is the short half-life of inosine in vivo due to its rapid metabolism by purine nucleoside phosphorylase to hypoxanthine, which is broken down via xanthine to uric acid by xanthine oxidase (Hasko et al. 2004) . Therefore, development of a purine analogue resistant to metabolism may overcome the dosage issue associated with inosine and prove effective in a clinical setting; INO-2002 was developed to be such an analogue.
There are two primary murine models of type I diabetes: the multiple low-dose streptozotocin (MLDS) model and the spontaneous non-obese diabetic (NOD) mouse model. The MLDS model of diabetes is characterized by a progressive hyperglycaemia and an insulitis similar to that observed in human subjects with recent-onset type I diabetes (Like & Rossini 1976 , Rossini et al. 1978 . Though not an autoimmune-mediated destruction of the b-cell, the inflammatory system is ultimately responsible for b-cell death following MLDS (Szkudelski 2001) . MLDS-induced diabetes has shown to be T-cell mediated (Harlan et al. 1995) and blockage of chemokines prevented MLDS induction of diabetes via reduced islet immune cell infiltration (Martin et al. 2007) . The NOD mouse model also shares clinical, serological and histoimmunological features with human type I diabetes in addition to being an autoimmune destruction of the b-cells (Atkinson & Leiter 1999 ). Both models have been used extensively to study preventative therapies for type I diabetes (Atkinson & Leiter 1999 , Mabley et al. 2001b . A variety of procedures and therapies that delete, suppress or modulate functions of the immune system cells can block both the inflammatory response in the MLDS model as well as the autoimmune response against islet b-cells in the NOD mouse (Chatenoud et al. 1997 , Ryu et al. 2001 . This study was undertaken to evaluate INO-2002 as a metabolicresistant purine analogue and as such a possible therapy for modulating the development of type I diabetes.
Materials and Methods

Materials
Reagents were obtained from the following sources. Amplex red xanthine/xanthine oxidase assay kits were obtained from Molecular Probes (Eugene, OR, USA). Streptozotocin and sodium citrate were obtained from Sigma. BALB/c and NOD mice were purchased from Taconic (Germantown, NY, USA). Insulin ELISA kits were obtained from Alpco (Windham, NH, USA) and insulin RIA kits were from Linco Research (St Charles, MO, USA). Urine glucose TesTape was from Eli Lilly, and a One-Touch II hospital blood glucose meter was from Lifescan ( Johnson & Johnson company, Milpitas, CA, USA). Cytokine ELISA kits were from R&D Systems (Minneapolis, MN, USA).
Measurement of INO-2002 breakdown by purine-metabolizing enzymes
The conversion of INO-2002 to inosine by nucleoside phosphorylase and 5 0 -nucleotidase to form hypoxanthine was measured and compared with that of inosine and inosine monophosphate (IMP). Inosine, IMP or INO-2002 (1, 3, 10 or 30 mM) was incubated either alone or with nucleoside phosphorylase (500 mU/ml)G5 0 -nucleotidase (500 mU/ml) for 30 min at 37 8C. Hypoxanthine (1, 3, 10 and 30 mM) was used as a positive control. Hypoxanthine concentrations following the incubation period were determined using the Amplex red xanthine/xanthine oxidase assay kit.
Induction of diabetes
All animal experiments were carried out in accordance with the guidelines published by the NIH in 'Principles of Laboratory Animal Care' (NIH publication no. 85-23, revised 1985) , 'The UFAW handbook on the Care and management of Laboratory Animals' and FRAME's guidelines on use of laboratory animals. Male BALB/c mice were treated with streptozotocin (40 mg/kg dissolved in citrate buffer (pH 4 . 5)) or vehicle (citrate buffer) i.p. for 5 consecutive days. Mice were treated every day starting on day 1 with either INO-2002, inosine (30, 100 or 200 mg/kg per day) or vehicle (water) orally by gavage. Blood glucose was measured on days 1, 7, 14 and 21 from blood obtained from the tail vein. Hyperglycaemia was defined as a nonfasting blood glucose level R200 mg/dl. Cumulative incidence of diabetes was calculated as a percentage of hyperglycaemic mice at each time point. Samples of pancreas were taken following killing on day 21 for biochemical and cytokine assays (Mabley et al. 2005) .
Female NOD mice were purchased at 4 weeks of age and allowed to acclimatize to our animal facility for 1 week prior to daily treatment with INO-2002 (30 or 100 mg/kg per day, orally by gavage) commencing at 5 weeks of age. In the first study, spontaneous diabetes incidence was monitored until 30 weeks of age. Urine glucose levels were checked daily and a mouse was defined as diabetic following 3 days of glucosuria and a blood glucose level on the third day R200 mg/dl. In a second study, female NOD mice were treated in the same way and, when the mice reached 18 weeks of age, pancreas samples and serum were taken from normoglycaemic NOD mice for biochemical analysis.
Determination of pancreatic or serum insulin and cytokine levels
Insulin contents in pancreata of BALB/c or NOD mice were determined from a pancreas sample, taken immediately following killing, which was homogenized in acidified ethanol (75% ethanol, 1 . 5% 12 mol/l HCl and 23 . 5% H 2 O), then incubated for 72 h at 4 8C and centrifuged. Care was taken to remove samples from the same location of the pancreas (body) to avoid differences between the regions of the pancreas in regards to insulin content. The insulin content of the supernatant was determined using an ELISA kit (Alpco). Pancreatic insulin content was expressed as ng insulin/mg protein, which was determined by the Bradford assay (Bradford 1976) . Serum insulin levels were determined using the same ELISA kit and expressed as ng insulin/ml.
Cytokine levels in pancreas were determined from a pancreas sample snap frozen in liquid nitrogen. The biopsies were homogenized in 700 ml of a Tris-HCl buffer containing protease inhibitors , centrifuged for 30 min, and then the supernatant was removed and frozen at K80 8C until assay. Cytokine contents in pancreas were determined using specific ELISA kits (R&D Systems) and expressed as pg cytokine protein/mg protein.
Statistical analyses
Data are presented as meansGS.E.M. Statistical analysis was performed using the ANOVA with Bonferroni's correction, Fisher's exact test or Student's t-test as appropriate; P!0 . 05 was considered significant.
Results
INO-2002 is more resistant to metabolizing enzymes than inosine or inosine mono-phosphate
In the absence of the purine-metabolizing enzymes, nucleoside phosphorylase or 5 0 -nucleotidase, no hypoxanthine was formed from inosine monophosphate (IMP) or INO-2002 (Fig. 1A-C) . Nucleoside phosphorylase (500 mU/ml) metabolized inosine to hypoxanthine ( Fig. 1A ) but had no effect on IMP or INO-2002 (Fig. 1B and C) . A combination of nucleoside phosphorylase (500 mU/ml) and 5 0 -nucleotidase (500 mU/ml) metabolized IMP to hypoxanthine ( Fig. 1B ) but had no effect on INO-2002 (Fig. 1C) . Hypoxanthine was included in the assay as a positive control to demonstrate hypoxanthine can be detected under all conditions (Fig. 1D ).
INO-2002 protects against MLDS-induced hyperglycaemia and diabetes
MLDS treatment induced a progressive hyperglycaemia ( Fig. 2A ) over a 21-day period with a corresponding increase 0 -nucleotidase. In the absence of purine-metabolizing enzymes, no hypoxanthine was formed from inosine, inosine monophosphate (IMP) or INO-2002 . Incubation with nucleoside phosphorylase (500 mU/ml), which catalyses the breakdown of purines to hypoxanthine, was able to metabolize inosine to hypoxanthine over a 30 min period but had no effect IMP or INO-2002 . Addition of 5 0 -nucleotidase (500 mU/ml), an enzyme that removes groups from the 5 0 position of the purine, enabled the metabolism of IMP to hypoxanthine but again had no effect on INO-2002 . Results are expressed as meanGS.E.M. from six separate reactions.
in diabetes incidence (blood glucose R200 mg/dl) being observed (Fig. 2B) . INO-2002 at both 100 and 200 mg/kg per day significantly reduced the rise in mean blood glucose level over the 21-day period ( Fig. 2A) . Additionally, INO-2002 at 100 or 200 mg/kg per day decreased the incidence of diabetes on day 21 from 73 to 13 and 6% respectively (Fig. 2B ). Pancreas insulin content was significantly reduced by MLDS treatment on day 21 (Fig. 2C) , an affect attenuated by both 100 and 200 mg/kg per day INO-2002 (Fig. 2C) .
MLDS treatment significantly increased pancreatic levels of inflammatory Th1 cytokines (IL-12 and TNF-a) on day 21 (Table 1) , with INO-2002 treatment preventing the increase in both IL-12 and TNF-a (Table 1) . MLDS treatment alone had no effect on the pancreatic levels of the Th2 cytokines, IL-4 and IL-10 (Table 1) , however, with INO-2002 treatment the pancreatic levels of IL-4 and IL-10 were significantly increased (Table 1) .
Inosine versus INO-2002
In a separate experiment, INO-2002 and inosine efficacy were directly compared at 30 mg/kg per day in the MLDS model of diabetes. MLDS treatment again increases blood glucose levels over the 21-day period ( Fig. 3A) with a diabetic incidence on day 21 of 84% ( Fig. 3B ). Inosine (30 mg/kg per day) had no effect on hyperglycaemic levels or diabetic incidence on day 21 when compared with MLDS alone; 249G13 vs 232G16 mg/dl (Fig. 3A) and 84 vs 73% (Fig. 3B) . However, INO-2002 (30 mg/kg per day) significantly attenuated the rise in blood glucose levels on day 21 when compared with MLDS from 249G13 to 178G 16 mg/dl and reduced the diabetes incidence from 84 to 40% (Fig. 3A and B ). Blood glucose and diabetes incidence levels in INO-2002-treated mice were also significantly lower than in mice treated with inosine ( Fig. 3A and B) . Similar protective effects were observed on pancreas insulin content ( Fig. 3C ) with INO-2002 again proving more effective than inosine in attenuating the MLDS-mediated loss of insulin content (Fig. 3C) . (Fig. 4A) . Diabetes incidence at week 20 was 60% in the vehicle-treated group and this was reduced to 25 and 15% for 30 and 100 mg/kg per day INO-2002 treatment respectively (Fig. 4A ). This protection continued throughout the experiment with incidence at 30 weeks of 80% in the vehicle-treated group significantly reduced to 55 and 35% for 30 and 100 mg/kg per day INO-2002 treatment respectively.
Pancreatic insulin content at 18 weeks of age was significantly increased in the INO-1001-treated groups from 16G5 ng/mg protein to 35G8 and 48G10 for 30 and 100 mg/kg per day respectively (Fig. 4B) . Similarly serum insulin levels at 18 weeks of age were increased by 170 and (Table 2) . By contrast, pancreatic levels of IL-10 in INO-2002-treated mice were significantly higher than those measured in vehicle-treated mice (Table 2 ).
Discussion
Our study demonstrates that the novel purine analogue, INO-2002 , is resistant to metabolic breakdown to hypoxanthine by both purine nucleoside phosphorylase and 5 0 -nucleotidase. Additionally, INO-2002 protects against diabetes development in two animal models of type I diabetes, MLDS-induced diabetes in male BALB/c mice and spontaneous diabetes in female NOD mice. We also found that the purine analogue of inosine, INO-2002 , is more efficacious than naturally occurring inosine in attenuating type I diabetes when administered at the same dose. Previous reports had already demonstrated an antiinflammatory effect of inosine in a variety of disease models but at doses unachievable in a clinical setting. This study has shown that a chemical analogue of inosine, INO-2002 , is a more effective anti-inflammatory agent with protective effects at doses lower than observed with inosine.
Previous work has shown that inosine dose dependently protected against MLDS-induced diabetes via conversion of the pancreatic cytokine profile from a predominantly Th1 expression to a Th2 expression (Mabley et al. 2003b ). However, the protection was only observed with inosine at doses of 100 mg/kg per day or higher making its clinical application unlikely. INO-2002 , however, was very effective at reducing diabetes incidence in the MLDS model, reducing incidence from 84 to 40% at 30 mg/kg per day, whereas inosine at the same concentration had very little effect with diabetes incidence remaining at 73%. Indeed, when comparing INO-2002 at the higher doses to the previously published inosine results (Mabley et al. 2003b ), a similar increased protection with INO-2002 is observed at 100 or 200 mg/kg per day, where diabetes incidence in the MLDS model is only 13 or 6% when compared with inosine and where incidence was double when compared with INO-2002 at the same dose at 30 and 13% (Mabley et al. 2003b) . INO-2002 is therefore more effective at reducing diabetes incidence than inosine probably through its resistance to metabolism to hypoxanthine.
Inosine pranobex, a clinically used form of inosine, has to be administered at doses higher than 200 mg/kg per day (Wybran et al. 1981 , Campoli-Richards et al. 1986 ). IMP has also been shown to be anti-inflammatory (Qiu et al. 2000 , Li et al. 2007 , an effect that may also be mediated through the pathways activated by inosine. Indeed, inhibition of IMP dehydrogenase (IMPDH) by mycophenolate mofetil (MMF) has proved effective in transplant rejection and also in a variety of autoimmune diseases (Allison & Eugui 2000) including type I diabetes , StosicGrujicic et al. 2002 . It may be the cellular increase in IMP accounts for the anti-inflammatory effects of IMPDH inhibitors such as MMF. However, though IMP is more resistant to breakdown than inosine as before, it can be metabolized to hypoxanthine by nucleoside phosphorylase following removal of the phosphate group by 5 0 -nucleotidase; therefore, a purine analogue resistant to both nucleoside phosphorylase and 5 0 -nucleotidase would be desirable for a therapeutic agent. We have demonstrated here that INO-2002 is such an analogue, resistant to being broken down into hypoxanthine by nucleoside phosphorylase alone or in combination with 5 0 -nucleotidase. This resistance to breakdown may explain why INO-2002 is more effective than inosine in protecting against MLDS-induced diabetes and also suggests it would be more potent than IMP.
The mechanism of action of INO-2002 in protecting against type I diabetes appears similar to that of inosine reduction of pancreatic levels of the Th1 cytokines (IL-12 and TNF-a) while increasing the levels of Th2 cytokines (IL-4 and IL-10). Both TNF-a and IL-12 have been implicated in b-cell functional inhibition, destruction and autoimmune diabetes (Rabinovitch & Suarez-Pinzon 1998 , Eizirik & Darville 2001 . IL-12 expression has been correlated with development of diabetes in the NOD mouse (Rabinovitch et al. 1996) , and treatment of NOD mice with an IL-12 antagonist suppressed diabetes development and decreased pancreatic expression of mRNA for IFN-g (Rothe et al. . In contrast, in endotoxemic mice, inosine not only significantly reduced Th1 cytokine levels but also increased the levels of Th2 cytokines (Hasko et al. 2000) , suggesting that inosine's overall effect is a shift from a Th1-to a Th2-type cytokine profile. It has been shown in type I diabetes that shifting from a Th1 to a Th2 cytokine profile does not affect the insulitis observed but does change the insulitis from a destruction infiltration to a benign infiltration (Rabinovitch 1998 , Rabinovitch & Suarez-Pinzon 1998 , Sia 2005 . INO-2002 was also effective at attenuating type I diabetes in the NOD mouse, a genetic model of disease with more in common to the human condition than the chemically induced MLDS model of diabetes (Atkinson & Leiter 1999) . INO-2002 was again more effective than inosine (Mabley et al. 2003b) , significantly decreasing the incidence of diabetes in NOD mice even at 30 mg/kg per day as well as maintaining b-cell mass, as determined by pancreatic insulin content, and b-cell function, assessed by serum insulin levels. Again the protection observed with INO-2002 was associated with switch in the pancreatic cytokine profile from a Th1-to a Th2-dominant expression pattern. Inosine treatment proved only to reduce the Th1 cytokine levels in NOD pancreas and did not have a significant effect on Th2 cytokine levels though there was a trend to increase IL-10 levels (Mabley et al. 2003b ), however, with INO-2002 there is a dose-dependent increase in NOD pancreas levels of IL-10.
INO-2002 also reduces NOD mouse pancreatic levels of MIP-1a, a chemokine responsible for innate and adaptive immune responses because of its ability to recruit, activate and co-stimulate T-cells and monocytes (Ward et al. 1998) . Previously, increased levels of MIP-1a in the NOD mouse pancreas was correlated with insulitis, and removing MIP-1a either by gene disruption or neutralization using specific antibodies reduced diabetes incidence (Cameron et al. 2000) , an effect also recently observed in the MLDS model of diabetes (Martin et al. 2007) . Therefore, INO-2002 may be protective against type I diabetes through two pathways: first by altering the cytokine profile in the pancreas from Th1 and Th2 hence converting a destructive insulitis to a benign infiltration, and secondly by reducing the infiltration itself by decreasing chemokine expression. Interestingly, the reduction of MIP-1a by inosine or INO-2002 appears to be ubiquitous in all the inflammatory conditions where purines have had a protective effect, including LPS-induced shock (Garcia , septic shock , lung inflammation (Liaudet et al. 2002) , arthritis and colitis (Mabley et al. 2003b) . Increased MIP-1a levels are pivotal in the pathogenesis of various inflammatory diseases, and inhibiting its production/ expression may, in part, explain why purines are protective in such a wide variety of inflammatory conditions.
The effects of inosine on inflammatory cytokine and chemokine production were proposed to be mediated, at least in part, by adenosine receptor-related mechanisms (Hasko et al. 2000) and this may also be true for INO-2002 . Activation of the adenosine A 2a receptor downregulates inflammation and protect against tissue damage (Ohta & Sitkovsky 2001 ) and inosine's inhibitory effect on inflammatory cytokine production is mediated in part by activation of this adenosine receptor (Hasko et al. 2000) . Recently, we have demonstrated that adenosine receptor activation ameliorates type I diabetes, as adenosine-5 0 -N-ethylcarboxanide (NECA), a non-selective adenosine receptor agonist, protects against MLDS-and cyclophosphamide-induced diabetes in NOD mice (Nemeth et al. 2007 ). This protection was associated with decreased pancreatic levels of Th1 cytokines, IL-12, TNF-a and IFN-g, and the chemokine MIP-1a (Nemeth et al. 2007) . Interestingly, using both specific receptor antagonists and transgenic knockout mice, the protection by adenosine against type I diabetes was found to be mediated through activation of the A 2b receptor subtype rather than the A 2a (Nemeth et al. 2007) , implicating both A 2a and A 2b receptor subtypes in adenosines modulation of the inflammatory system. The results obtained using adenosine and its receptor agonists in models of type I diabetes mimic those observed with both inosine and INO-2002, suggesting a role for A 2b receptor activation in inosine/INO-2002-mediated protection. It is conceivable that in modifying inosine to produce the analogue INO-2002 we may have made it a more effective agonist for the A 2b receptor subtype, which may explain why INO-2002 is more potent than inosine in protecting against type I diabetes.
Other possible mechanisms include affecting poly (ADPribose) polymerase (PARP) activity, which inosine inhibits only at millimolar concentrations (Virag & Szabo 2001) . PARP overactivation has been implicated in the pathogenesis of various forms of inflammation including autoimmune diabetes (Mabley et al. 2001a ,b, Suarez-Pinzon et al. 2003 . Inosine is also metabolized to uric acid, which has been demonstrated to be a scavenger of free radicals, including peroxynitrite (Ames et al. 1981 , Becker et al. 1989 . Peroxynitrite formation has been implicated in b-cell death resulting in development of type I diabetes (Lakey et al. 2001 ; administration of peroxynitrite scavenger compounds has proved effective in preventing type I diabetes in a variety of animal models (Szabó et al. 2002 , Mabley et al. 2004 . However, based on the structure of INO-2002 and its inability to be metabolized, we can surmise that both these mechanisms are unlikely to mediate the protective effects of INO-2002 in type I diabetes. With the modification of inosine to produce INO-2002 , it is unlikely we made it a more potent PARP inhibitor and it is very unlikely that we achieved millimolar concentrations of INO-2002 in the pancreas with doses of 30 mg/kg per day, hence PARP inhibition can be considered to be only a minor effect of INO-2002 and not significant in its protective action. Previous studies with INO-2002 have shown it to be resistant to metabolism by both purine nucleoside phosphorylase and 5 0 -nucleotidase hence incapable of forming hypoxanthine, a substrate for xanthine oxidase to produce uric acid. Therefore, INO-2002 will not increase uric acid levels to levels where scavenging of reactive species, such as peroxynitrite, is relevant for INO-2002-mediated protection in type I diabetes.
In conclusion, we have demonstrated that an analogue of inosine provides protection from type I diabetes in two animal models. INO-2002 has proven more efficacious than inosine not only in type I diabetes but also in other inflammatory diseases such as arthritis, colitis and adult respiratory distress syndrome. INO-2002 is also a very safe drug that, similarly to inosine, shows no toxicity at doses much larger, over five times, as would be used therapeutically. INO-2002 's mechanism of protection is via effects on both chemokine and cytokine and both Th1 and Th2 expression likely mediated through activation of the adenosine A 2b receptor. With purines having an excellent safety profile, clinical trials may show that stable purine analogues, such as INO-2002 , are effective in treating many inflammatory diseases.
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